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PREFACE

The Engineering Design Handbook Series of the Army Materiei
Cormand is a coordinated series of handbooks containing basic in-
formation and fundamental data useful in the design and develop-
ment ¢f Army materiel and systems. The handbooks are authorita-
tive reference books of practical informaticn and quantitative
facts helpful in the design and davelr- .ent of Army materiel so
that it will meet the tactical and the technical needs of the
Armed Forces.

This -Handbook, Compensating Elements, AMCP 706-337, has®
keen prepared as one of a series on Fire Control Systems. It~
presents information on the effects of out-of-level conditions
and displacement between a weapon and its aiming device, It
also presents information on the instrumentation necessary for
correction of the resulting errors, standard design practices,
and considerations of general design, manufacture, and field
us¢ and maintenance. .

~

This Handbook was prepared under the direction of the
Engineering Handbook Office, Duke University, under contract
to the Armly Research Office-Durham. The text and illustrations
were prepared by Ford Instrument Company, a division of the
Sperry Rand Corporation, under subcontract to the Engineering
Handbook Office. Technical assistance was rendered by Frank-
ford Arsenal.

Elaments of the U. S. Army Materiel Command having need
for handbooks may submit requisitions or official requests
directly to Publications and Reproduction Agency, Letterkenny
Army Depot, Chambersbura, Pennsylvania 17201. Contractors
should submit such requisitions or requests to their contrac-
ting officers.

Comments and suggestions on this handbook are welcome
and should be addressed to Army Research Office-Durham, Box
CM, Duke Station, Durham, North Carglina 27706.
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Section I
INTRODUCTION

', ' SRNERAL

Two of the factors that affect the laying of a
weapon are the levelness of the weapon and the
displacement between the weapon and its aiming
device. Since the azimuth and elevation information
for laying a weapon is usually based on a level
ref.rence, any out-of-level condition in a weapon
svstem will introduce an error. The displacement be-
tween a weepon and its aiming device introduces
the problem of paraliax which also causes errors
in weapon laying, Where the characteristics desired
for a given weapon will not tolerate such errors,
the effects of out-of-level conditions or parallax
can be compensated. The subject of this handbook
enco ~asses the design of instruments that #ill
correct the laying of a weapon for errors cauwd
by out-of-level and parallax conditions.

2. Ovur-or-Lever ConpiTions

2. For a given firing situation there is only
one correct azimuth and e':..ticn setting of a
weapon’s bore. These values express the position of

the weapon bore with respect to a level coordinate
system that is referenced to a chosen compass direc-
tion. A weapon usually has indicators to show
the azimuth direction and elevation of its bore with
Tespect to its supperting frame. If azimuth
and ecievation in the level coordinate system
are applied to the weapon through the use of the
indicators, the weapon bore will be positioned pro-
perly, provided the weapon was correctly oriented
and leveled. Correct orientation references the azi-
muth indicator to the same compass direction as
the aiming device while leveling fixes the weapon
traverse axis vertical and the elevation or trunnion
axis horizontal. Figure 1 illustrates azimuu. ~nd
elevation for a leveled weapon that has been re-
ference to north. {The elevation angle shown s
also called quadrant elevation—the vertical angle
between the line of elevation znd the horizontal.)
As long as the proper relationship of the ¢runnion
and traverse axes to the horizontal reference plane
exists, no azimuth or elevation compen.ation is
required.

LINE OF ELEVATION
\QC‘TENSlON OF BORE AXIS)
- T .

-~ >~
,
TARGET 2

N\_

ELEVATION

TRAUNNION AXLIS

MORIZONTAL PLANE

Figure 1. Leying information for a leveled weapon




b. However, if the weapon was not properly
oriented it 3 horizontal reference plane, the weapon
bore will not be positioned at the azimuth and
elevadon vslues shown on the indicators. Figure
2 illustrates a weapon that was initially orieneed in
& tlted plare instead of a horizontal plane, When
the weapon was layed, the azimuth and elevation
used were based on a horizontsl plsne. Since the
weapon was positioned with reference to the tilted
plane, azimuth and clevation ervors exist in the

pusitior of the weapon bore.

¢. To position the weapin properly so that the
azimuth and elevation errors introduced by the tilted
plane arz eliminated, it is necessary to correct the
laving insormation. Figure 3 illustrz.es scme of the
angles that are used in determining the amount of
compensation required for correcting laying informa-
tior. Quadrant cievation is always meas ed in .
vertical plane frum the horizontal, while run eleva-
tion is always measured perpendicular to the plane
in which the weapon is oriented, i.e., the deck plane,

If the deck pianz of the weapon i3 horizontsl, the
gun elevation and auadrant elevation will coincide.
Azimuth i always measured from rorth or from
some other conveniesnt reference direction, in a
horizontal plane, to a vertical plane through the
weapon bore axis. The out-of-level condition of ¢
wezapon is usually expressed in terrus of two com-
ponents: pitch angle and cant angle. The pitch
angle is the angular deviation of the wespon fore
and-aft axis from the horizontal, while the cant
angle is the engular deviation of the wespon croms
axis {trunnions) from the horizontal. Pich and
cant are always 90 degrees displaced from each
other in the deck plane. The out-of-level condition
can aisc be expressed in terwrs of ome tiit angle
in a vertical plane (igure 2} and the azimuth
angie of the vertical plane. This method i more
fully described late:. Other means can be devised for
expressing a2 weapon's out-of-level condition, depend-
ing an the method chosen fer applving corrections
and the tvpe of weapon system. QOut-of-fevel cor-
recting mechanises have been built using the two
approaches given above.

— :\.conasm LINE OF ELEVATION
- b

s -~

\ ‘\

POI Ntor\

IMPACT
LE S
ALTUAL AZIMUTH

DECK TILT
ANSGLE

ELEVATION ERROR

‘_.‘_XAZIMUT_H ERROR

ACTUAL ELEVATION TILTED

DECK PLANE

HORIZONTAL
PLANE

¥igure 2. Laying errors caused by cant and pitch of an
out-of-level weapon
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- ,&2: OF ELEVATION
/

>L—TARGET A

QUADRANT
\ ELEVATION™ P \

N GUN ELEVATION
ABCOVE DECK TILTED
DECK PL ANE
AZIMUTH ' :
N ' - —
==
PITCH ANGLE -
OF WEAPON — -
ey
" ’{__ -
CAMT ANGLE HORIZONTAL
OF TRUNNIONS BLANE

Figure 3. Qut-of-level weapon compensated for cant and pitch
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Figure 4. Parallax caused by aiming device displacement
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3. PARALLAX

a. Parallax can be defined as the apparent dif-
ference in the position of a target as viewed from
two differeit points—the weapon bore end aiming
device. The aiming device for 2 weapon can be
located very close to the weapon tube as in the
case of a weapon-mounted sight, or 2t a distance
as in the case of a data-gathering director of an
antiaircrafe installatien. The term “aiming device”
as used here describes say mechanism or instrument,
optical, mechanical, or electrical, that is used for
de -rmining target position. An aimsing device can
be a simple optical sight for x field arviliery
weapon or part of 2 complicated data-gathering
director for an antisircraft weapon system. {Aiming
devices should not be confused with =ailiary
fire control equipment such as spotting binoculars
which have ne direct function in positioning the
weapon bore) Regardless of the Jocation of the
aiming device, it cannot occupy the same space that
the weapon bore occupics. As a result, an error is
introduced whenever an aiming device is used to
lay the weapon on a target. This error is called
parallax error,

b. Figure 4 illustrates parallax caused by the
horizontal displacement of an aiming device, (A

YERTVICAL .
PARALLAX ERROR

sighit is illustrated but it might also be a2 dste-
gathering director iocated many yards frem the
weapsn.) When the siming device is sighited
on 2 target, the weapor: will not be sligned on the
same point, causing the firing error shown. Parallax
errors can be intrcduced into a systern by displace-
ment of the aiming device in any direction—
horizoneally or vertically. Figure 5 illustrates an
aiming device that has been displaced in three direc-
tions.

¢ As atated before, parallax errors are caused
by the displacement between the aiming devicr and
weapon. The parailax errors in weapon systems also
are affectzd by the method used for inidial align-
ment between the aiming device and weapon.
Initia} alignment is vsually obtained by one of two
methods. By one method, the infinity boresighting
method, the aiming device snd the weapon are
aligned on some celestiai body or cther distant ob-
ject. This method of boresighting places the axis
of the weapon (gun bore) and the aiming device
{line of site) essentially parallel to esch other.
Figuzes 4 and 5 show weapon systems aligned in
this manner. By the other method, specific-range
boresighting, the aiming device snd wearon are
sighted on 2 point at a distance, within the firing

RANGE PARA
BASE

Figure 5. Parallax error caused by displacement in three directions
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range for which the weapur ic to be used. For

example, boresighting for tanks is curret':tly being.

done at 1500 yards. Figure § illustrates parallax
in 2 specific-range boresighted system.

d. In an infinity-boresighted system, a paraliax
error will exist for all firing ranges of & weapon.
Specific-range boresighting is ofter used to minimize
parallax errors where full compensation is not

" SPECIFIC-RANGE
BORESIGHT POINT

AIMING DEVICE

VERTICAL PARALLAX BASE
RANGE PARALLAX BASE

required. However, 2 parallax error will exist for
al firing ranges of a weapon in 2 specific-range
boresighted systzm except for the range at which
the weapon and 2iming device were aligned. Cor-
rections for parallax errors can be expressed in
terms of an angle (azimuth and/or elevation) and
target range or in terms of the displacement be-
tween aiming device and weapon. The method used
depends on thie weapon system and firing problem.

N HORIZONTAL PLANE

HORIZONTAL PARALLAX BASE

Figure 6. Parallax in a specific-range boresighted system




Section II T
GENERAL DISCUSSION OF THE PROBLEM “
+. Tyres oF COMPENSATION ponent required to zlign the weapon bore on the

2. Compensstion for Out-of-Levelness. There target, accounting for the direction of the target
are two general types of compensation that can with respect te t.he weapon. :I‘he femaning com-
be applicd to weapons for out-of-level conditions.  Ponents of the firing data consist of corrections that
The :ype of compensation to be applied depends  are applied to the weapon bore to allow sor target
on whether the firing data are determined in the  motion and natural deviations of the projectile’s
coordinate system of the weapon (on-carriage) or  path from the line of site. An example of the
in some coordinate system other than tf: weapon’s  latter is superelevation, the ballistic correction for

(off-carrisge). the dror caused by gravity. Applying superelevation :
(1) On-Carriage Firing Data. To understand to the wea?on clevats ;'t Vertnca.l.ly. sbove the . |
the type of compensation required for firing data amount required to make the bore axis intersect the

determined on-carriage, it is necessary to examine  tArget. The magnitude of superelevation varies with
the data that make up the final azimuth and  rar e and elevation in accordance with empirical
~elevation angles for positioning the weapon bore. (proving ground) ballistic data for the particular
Each (azimuth and elevation} provides a basic com-  type of weapon and smmunition.

REQUIRED REQUIRED
ELEVATICN AZ!MUTH -

CORRECTION _ CORRECTION i\
LINE OF WEAPON o
ELEVATION (BORE AXiS) ) SUPERELEVATION

’ ]

TARGET
7
oo i
V. ' |
, VERTI
AIMING DEVICE i - E?{ASQL
AX1S /’ '
(LINE OF SITE) , .l
7 7
- /7
= s
HORIZONTAL g =

PLANE ™~ SUPERELEVATION L
APPLIED IN OUT-OF-LEVEL r
N\, COORDINATE SYSTEM '
N
A. TRUNNION AXIS LEVEL 8. TRUNNION AXiS CANTED

Figure 7. On-carriage fire control — showing compensation required
to transform superelevation to level coordinate system
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That portion of the firing data that aligns the
weapon bore axis on the target is determined by an
aiming device operating rsseatially in the same
coordinate system as the weapon. {See Figure 7.)
View A shows a wespon whase trunnions sve level.
The aiming device and wespon have been elevated
vertically about the level trunnion axiz to align
on the target; snd then the wespon was elevated
an sdditional amount to compensate for gravity
drop. If the weapon is tilted, the aiming device and
bore tilt equally. View B of Figure 7 shows *he
spme weapon twith canted trunnions sfter the
necessary elevation and azimuth corrections were
made to realign the aiming device on the target.
Reniigning the ziming device moves the weapon
bore 2 correspending amcunt and if there were
no superelevation, no additional compensation would
be needed. But, superelevation is needed and since
it is derived in a level coordinate system (gravity
operates vertically), it cannot be applied simply
a direct additiocn to elevation when the trunniom
are canted. The heavy lines in Figure 7B represent
the azimuth correction and the additional elevation
required to transform sunereievation into the canted
weapon cordinate system. In on-carriage fire com-

LINE OF WEAPON

AIMING DEVICE Yy

trol, this principle will apply to any other firing
corrections that are normally referenced to a
level coordinate system.

(2) Off-Carriage Firing Data. When the
firing information for a weapon is determined by
off-carrisge equipment, it is based on the co-
ordinate system of the off-carriage equipment and
not on that of the weapon. If both coordinate
systems are level, the azimuth and elevation firing
informstion can be transferred directly from the
off-carriage equipment to the gun, correcting only
for parallax error. (See Figure §A).

However, in some weapon systems it has been
found impractical to make both coordinate systems
level. In these systems, an out-of-level condition of
the weapon, as shown in Figure 8B, will cause it
to operate in an out-of-level coordinate system that
is not parallel to the coordinate system of the ofi-
carriage fire control equipment. The target location
data as well as the ballistic data are based on a
level coordinate systemn. All component parts of the
firing azimuth and clevation therefore must be
transfore~d into the wezpon’s coordinate system
before application to the weapon.

REQUIRED REQUIRED
ELEVATION AZIMUTH
CORRECTION  CORRECTION
— SUPERELEVATION ,
TARGET ————— / /
‘A /
>AN6LE‘OF-SIT! /' ! //

(ELEVATION)

AXIS V/
(LINE OF SITE)

AIMING p/

DEVICE /

/ 4
L‘?" /
— P

8. TRUNNION AXIS CANTED

A. TRUNNION AXIS LEVEL

LEVEL ELEVATION DATA
APPLIED IN QUY-OF-LEVEL
. COORDINATE SYSTEM

Figure 8. Off-carriage fire control—showing compensation re-
quired to transform total elevation dats to level co-
ordinate system
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b. Compensation for Parallax. The type of com-
pensation applied to weapons for correcting paraliax
errers is related to the method used for expressing
the parallax error. There are three types of parallax
errors that can cccur in a system: horizontal,
vertical, and range parallax errors. (See Figure 5.)
The parallax error is usually measured in a co-
« "dinate system that is compatible with and ex-
pressed in terms that are readily combined with
other data of the system. If the target's position is
expressed in rectangular coordinates at any phase
during computation of weapon azimuth and eleva-
tion, then the parallax displacement between wi<pon
and aiming device also may be measured in rectangu-
lar coording:es. The compensation required weuld
merely involve combining the displacement co-
ordinates with the target position coordinates, there-
by transforming the aiming device coordinate system
to the position of the weapon. If the target’s posi-
tion is determined in polar coordinates and all com-
putations leading to weapon azimuth and elevation
are based on polar cvordinates, then parallax com-
pensation may be derived as angular corrections to
zzimuth and elevation.

5. TyricaL WEAPON SYSTEMS

The foilowing paragraphs give a discussion of
the type of compensation that has been used in
typical, existing weapon systems. Generally speak-
ing, the compensation used in these systems varies
with the tactical purpese of the weapon and the
type of fire control system employed.

« 8. Direct Fire Weapons. A weapon is being used
for- direct fire when the target that it is firing
upon is in the line of site of the weapon and the
sighting system. The type of compensation re-
quired for such wespons depends on whicl- category
({on-carriage or off-carringe) the weapon fits into.

Some direct fire weapons, in their primary mode
of operation, sre designed to use firing duts deter-
mined on-carriaye in the coordinate system of the
weapon. Others normally depend on information
determined in & displaced coordinate syster (off-
carriage). Antisircraft and tank weapons are typical
examples of direct fire applications. Field arillery
weapons are occasionally employed for direct fire
though the, are primarily designed for indirect fire.

(1) Antiaircraft Weapons. Antiaircraft weap-
ons with on-carriage fire control are generally de-
signed for a greater degree of mubility and quicker
emplacement making it desirable to eliminate weap-
c.. leveling involving ground preparation, jacking,
etc. Some form of compensation is required to
achieve accuracy while the weapon is in an out-of-
level condition.

Because this type of weapon determines target
data in its own coordinate system, only the ballistic
corrections applied to the basic azimuth and eleva-
tion positicning values require compensation, Often
the required out-of-level corrections are applied in
combination with other corrections such as those re-
quired to compensate for wind.

In on-carriage fire control, the parallax errors
caused by the displacement between the antiaircraft
weapon and aiming device are small when compared
with the size of the target. Hence, corrections for
parallax are ususlly ignored.

Since antiaircraft weapons of the off-carriage fire
contro! type are located fairly permanently, they
are usually leveled, thereby eliminating the need for
out-of-level compensation. However, if either the
aiming device or weapon, or both, cannot be leveled,
compensation must be provided for the out-of-level
condition. Present systerns ususlly require that at
'east one (aiming device or weapon) be leveled.
Out-of-levelness in these systems necessitates that
the entire azimuth and elevation values used in
aiming the weapon be corrected.

The displacement between the weapons and
aiming device of an off-<carviage fire control type
antisircraft system is usually great enough to in-
troduce large parallax eriurs. However, it is some-
times desirable to ignore or only partially correct
them in order to obtain definite dispersion for «
battery of wearons.

{2} Tanks. Tanks are used primarily for direct
fire with on-carrisge fire wontiol. Tanks usually
employ high-velocity projectiles at relatively shore
range. The resultant trajectory is fairly flat so that
the required ballistic corrections are relatively small.
With the firin;; data determined on-carriage in the
coordinate system of the gun, only the super-
elevation correction for gravity drop requires com-
pensation for out-of-level conditions. In a typical
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firing procedure, the firing range is determined so
that the <t amount of superelevation can be in-
troduced. Out-of-level compensation may be accom-
plished by rotating the reticle of the sight so it is
vertical. Superelevation then can be inserted in a
vertical direction (See Figure 7). OQut-of-level
compensation also may be accomplished by a
cant-correcting device that senses the amount
of cant and computes the required lateral and
vei ' corr.ctions to be applied to the
wes,ou bYore. Using these methods, accurate fir-
ing is confined to the -condition of a stationary
tank. A tank that is firing while in motion has
constantly changing out-of-level conditions, especially
while travelling over rough terrain. Gyrostabilizing
methods have been used to compenerte the chang
ing out-of-level conditions of the moving tank.
These syatems have the problem of maintaining a
desired wespon position despite the rapid and
erratic movements of a tank.

On a tank, parallax displacement between aim-
ing device and weapon is small. /s a result, parallax
errors are ususlly not compensated but often are
minimized by specific-range boresighting techniques.

(3) Field Artillery. Direct fire is not the
primary mission of field artiilery weapons although
they are occasionally used '~ direct fire engagements.
When used for direct ‘ire, target location data is
determined on-carriage in the coordinate system
of the weapon. The cant compensation problem i«
therefore the same as discussed in the previous
paragraphs on tanks. Tpical compensated direct
fire aiming devices for field artillery provide a
means for adjusting and maintaining the elevation
(range) reticle in the vertical position so that
superelevation can be inserted correctly.

The location of on-carriage fire control equip-
ment for field artillery weapons used in direct fire
introduces small parallax errors that are usually
ignored or minimised by specific-range boresighting.

b. Indirect Fire Weapoms. Indirect fire is
primarily characterised by the condition in which
the target does not lie directly in the line of sight
or is not visible to the gunner. Weapons with a
primary mission of indirect iicc have their firing in-
formation determined in a level cnordinate system
by offcarrisge cquipment. The fiting information

is applied to the weapon through on-carriage fire
control equipment. The on-carriage fire control
equipment corrects the firing information for any
out-of-level condition of the gun.

(1) Field Artillery Weapons. Indirect fire is
the primary mission of field artillery wespons.
Since the longer ranges and highi~ superelevations
required in indirect fire increase the errors in-
troduced by an out-of-level condition, compemsiation
is necessary in order to achieve accuracy. Indirect
fire requires the use of target location data from
an off-<carriage course (usually level). The oo-
carriage fire control equipment must be able to
transform both the off-carriage target location data
and the ballistic dsta into the out-of-level coordinate
system of the wezpon, as explained in paragraph
4.2.(2) «ad Figure 8.

The parallax errors introduced by the on-car-
riage fire control equipment of field artillery are
small enough to be ignored. However, if sevcral
pieces are combined to form 3 battery s0 as to
direct fire at the seme target, a significant parallax
error will be introduced by the displacement be-
tween weapons in the battery. The desirability for
correcting the parallax errors depends on the dis-
tribution of fire wanted at the target srea. In
some cases area fire is required, while in others,
cenverging fire of all weapons on a relatively small
terget is required. Usuaily battery parallax errors
are corrected by the battery executive when the in-
dividual guns are being zeroed-in. For this pro-
cedure, no parallax compensating device or equip-
ment is normally provided. The corrections sre
determined manually on a plotting board.

(2, Tanks. Tanks are primarily desipned ax
complete, self-contsined, direct fire weapons and
s such are not provided with cant compensation
{or indirect fire. In indirect fire they function as
secondary wespons because the on-carriage fire
control instruments are not designed to tramsform
indirect firing dsta from an off-carrisge sourcr to
the wespon coordinate system. For example, the
azimuth indicator of a tank is driven directly by
the turret without compensation and indicates tue-
ret traverse rather than true azimuth. 1t the tank
is out-of-level and a value of true azimuth is ap-
plied to the azimurn indicator by traversing the
turret, the azimuth of the weapon bore will not
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correspund to the true azimuth. The lack of com-
plete compensation for firing data determined ofi-
carriage makes the problem of directing gun fire
to the target more difficult and time consuming.
Indirect fire therefore cannot be conducted as ef-
ficiently by tai: weapons as by the field artillery
weapons designed for the purpose.

6. MerHoos or DersrMINING Requirep Com-
PENSATICGN

a. General. Although it is possible in the less
complex problems to design an analog-type solver
without a preliminary mathematical analysis, it is
usually more desitable to begin by obtaining 2
mathematical expression for the problem. Then,
the mathematical expression can be instrumented
by using either simple computing mechansm tech-
niques or the more complicated computing techniques
involving electrical or electromechsnical elements.
The solution obtained from a compensating element
when an exact equation is instrumented will be a
true solution. When the exact equation has been
altered from true solution form for -‘wplification,
instrumentation will produce an approximste solu-
tion. The technique used for instrumenting the
mathematical expression will depend on the sccuracy
of compensation desired and the simplicity and re-
liability demanded of the system.

b. True Soluticrs. When a mathematical analy-
sis is used t0 solve a compensation problem and a
true solution is desired, an exact mathematical
equation must be employed. When an exact mathe-
matical equation is instrumented, the only errors
that can appear in the inmstrument output will be
the result of manufacturing tolerances or system in-
stallation alignment and operational errors. These
ecrors in & true solution type of instrument are re-
ferred to as “Class A" erron.

¢ Approximate Solutions, The requirements of
the system in which the compensation is needed caay
make the dcrivation or instrumentation of an exact
equation impracticeble. When this situatinn arises,
the use of o simplified or spproximated version of
the exact equaniun is indicated. Same of the specific
conditions under which approximations are oon-
sidered are:
(1Y The genera! tolerance level for orher key
components of the weapon does not warran' ex-
treme acCMIacy in COmPEnsatiou.

(2) The mathematical expression is highly
complex.

(3) Functions in the expression have excessive
limits (Such as, tan 90" =e).

(4) ‘There is insufficient space or weight al-
lowance for instrumentation of an exact equation.

(5) The reliability and ruggedness require-
ment are too stringent for complex instrumentation.

{6) Operating and maintenance techniques are
overly complicated.

Under these coaditions, an exact equation can
be modified or approximated in such a way that it
will be simplified while still maintaining the sc-
curacy desired in the system. Some of the techniques
that sre commonly used when modifying or ap-
proxirating equations are:

(1) Dropping high order power terms in de-
nominators.

(2) Substituting sine functions for tangent
functions of small angles.

(3) Substituting angles (in radians) for sine
funcrions of umall angles.

(4) Substituting unity for cosine functions of
small angles.

(5) Using curve fitting techniques.

When 2 modified or approximated equation is
instrumented, the answer will be an approximate
solution. The errors found in an approximate solu-
tion stem from two sources. One source is the basic
assumptions made during modification, simplifica-
tion, of approximation of an exact equation. This
type of error s commonly called a “Claw B”
error. The other source is from the manufscture
and installstion processes wherein normal tolersnc-
ing reswls in the “Clas A" errors found in ail
imtraments,

7. Marroos or Arriving CoMPENSATION

Several methods have been employed succem-
fully for obtsining true and approximate sol:*ions
and manuaily or sutomatically applying the re-
sultant corrections to weapon positioning quantities.
Some of these methods are described below and
mathasatically anilyzed later in the book. The
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p ~thods given are not meant to be a complete list
.. nerely a brief description of some typical ex-
ai.ples. Qut-of-level conditions are discussed in
terms of cant and pitch corrections.

a. Cant Correction (direct fire). To correct for
cant in direct fire, it is necessary to assure that the
required superelevation is always inserted in a true
vertical direction. (Refer to paragraph 4, for ex-
planation.) In direct fire systems where super-
clevation is applied by displacing the axis of an
optical sight in accordance with the range gradu-
ations of the sight reticle, cant correction can be
achieved by rotating the reticle to return it to
the level condition. The range scale will then be
made verdical eaadling superelevation to be in-
sccted without error. One method used provides
both avtomatic and manual facilities for maintain-
ing the sight reticle in a jeveled condition. A damp-
¢ed pendulum serves as a vortical reference for
aligning the reticle. In sutomatic operation, the
alignment error is wed in an electromechanical
servo laop to control alignment cocrections.

The more complex ground and antiaircraft
direct-fire systezne incdlude instrumentation for com-
puting cant corrections from the measured cant
a:d other pertinent angles. The computed correc-
tions are combined with other quantities pertain-
ing to target location, lead angles, ballistic cor-
rections, etc., to form compoe-te azimuth and com-
posite elevation signals. The composite signals are
thea fed into their respective gun pomtisning servo
Joops for automatically controlling the gun.

b. Cant Correction (indirect fire). Provision
oazy be included in the design of on-carriage fire
control equipment to correct for azimuth and eleva-
tion etror cawsed by trunnion cant. The compensat-
81~ telescope mount used with penoramic telescopes
for .ield artillery is such a device. The compensat-
ing velescope mount is based on the operstion of &
siaple mechanism that is ementially & Hooke's type
woiversal jomnt. A Hooke's joint operates in & vaanner
similar to s gimbal system. The input shaft of the
joiat is positioned by the weaapon trunnion and the
output shaft is weed to position the panoramic
telescope. (See Ficure 34 and refer to paragraph
28 for complete details.) The telescape is layed
on an simng point snd manually leveled, making it
operate in » level coordinate system. The telescope

is maintainzd in the level coordinate system by ad-
justing its mount during laying procedures. When
the firing information is set in, the panoramic tele-
scope will be thrown off its target or aiming point.
The weapon is then moved to bring the panoramic
telescope back on its aiming point. Because of the
connection between the weapon and telescope,
through the Hooke's joint in the telescope mount,
the azimuth and elevation error introduced when
cant is present will be automatically corrected dur-
ing the realigning procedure ss long as the tele-
scope mount is maintained level.

¢. Pitch Coirection. The compensating tele-
scope mount described in the previous paragraph
b. also has the ability to correct for the error in-
troduced when a weapon is pitched. As described be-
fore, the mount is connected to the wespon trun-
nion through a pivoted joint that allows the
mount to be leveled in the fore-and-aft and crom
directiocs. By using leveling vials to establish a
horizontal reference, the mount corrects pitch
errors that might be present in the wespon and
allows elevation information from an off-carriage
source to be inserted in a vertical direction. Pitch
compensation is also provided in the design of some
elevation or range quadrant mounts. Elevation
and range quadrant mounts are similar, the principal
difference being that one is calibrated in angles
of elevation and other s calibrated in distance
(range). In certain cmses, quadrant mounts sre
calibratd in both range and elevation. These
mounts are used in indirect fire for setting the
weapon in elevation when this function Las not
besn designed into the panoramic teiescope mount,
The range or elevation quadrant mownt is also
connected to the wespon trunnion through & pi-
voted joint. Level vials are provided on the mownt
w0 that a borizoetal reference can be established
readily.

4. Parallax Cocrection.

{1) One antisircraht system that waes off-
carriage fire control and corrects for parallax errors

~consists of a data-gathering type of aiming devicr

and several weapons arranged to form & betwery.
The dars-gathering siming device computes some
of its firing data in sn orthogonsl rectilinesr co-
ordinate system. Since the weapons i the battery
and the Jata-guthering aiming device are displaced




from each other, each operates in 2 coordinate
system of its own. The displacement between these
coordinate systems is a constant distance for a
given emplacement. To correct for the parallax
error, it is only necewsary to transform the in-
dividual coordinate systems of the weapons to the
coordinate system in which the firing data is com-
puted. The transformation is accomplished by in-
serting the displacement constants between the
coordinate systems into the firing data through
notentiometers located on the data-gathering aiming
device. The computation of firing data then will
be corrected for the displacement that introduced
the parallax error.

(2) Systems in which data gathering and
computation of firing data are conducted entirely
with polar cocrdinates use polar ccrdinates also

12

in the formdlation of parallax corrections. In these
systems the displacement between the director
and a given gun is measured in terms of a vertical
component, a horizontal component, and the azi-
muth angle of the horizontal component. Using the
polar coordinates of target position and the measured
displacement coordinates, corrections are computed
for the azimuth, elevation, and range gun laying
data.

\3) A method that is used for parallax
correction between weapons, in the case of a field
artillery battery, is applying individua® parallax
corrections to firing data transmitted to the weapon.
The magnitudes of the corrections are obtained
by estimates or measurements in conjunction with
plotting operations without the bencfit of special
parallax-compensating mechanisms.
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Section III
DETERMINATION OF REQUIRED COMPENSATION

8. GENERAL

To simplify the analvses and solutions, and to
facilitate discussion of compensation problems, it is
convenient to establish certain notational symbols,
definitions, and reference coordinate systems. This
information is presented in the following paragraphs.
A large part of the discussion will be familiar to
readers with 3 knowledge of fir= control design
problems; howe.cr, the readsr with a limired
knowledge will find the basic information presented
helpful.

9. DerniTions of Terms axp Symsois
a. Reference Frames.

(1) Figures 9, 10, and 11 illustrate typical
reference frames for obtaining parameters of the
out-of-level problem. These reference frames will
be comsidered in two groups. The first group com-
prises the 1 vel and non-level reference frames of the
woeapon proper which is tlat part of the overall
equipment that traverses and elevates to the direc-

tion of fire, i.e., the weapon tube and turret. This -

part of the ovcrall weapon will e referred to
throughout the text as the “weapon.” The second
group of reference frames applies to the under-
carrisge which henceforth will be referred to 2
the “weapon mount” or “mount.” In the typical
omcarriage fire control system shown in Figures
9, 10, end ', the “‘weapon™ consists of the gun
snd turret while the “weapon mount” is the tank
hull

{2) The three orthogonal aves of Fe
represent the level reference frane of the weapon
{Figure 9). Cant and pitch argles whose axes
sre harizantal are referenced to the Fa frame. The
Fs frane aAlw comaite the vertical axs sbous
which all borizontal aznuth anples are messured.
The three orthogonal axes of Fy represent the out-
st-devel s of the werpon. This frame constitutes
the trunniva sxis, the traverse 2zis of the turret,
and the wespon bore axis. The travermse axis s
perpendicular to the deck plane while the trunnios
axis and the weapon bore axis (st zerc elevation)

lie in the deck plane. In a similar manner, reference
frames Fr and Fm form the basis for establishing
the out-of-level condirion of the weapon mount.
The three axes of Fr represent the fixed, level
reference fra: ‘e of the mount while the axes of Fm
represent the mechanical reference frame of ** aon-
'svel mount, or hull. The axes of Fr and Fm are
aligned with the longitudinal and cross axes of the
mount, An additional reference frame, Fs, contain-
ing the axes of the aiming device will e em-
ployed, but ir the on-carriage svitesn shown in
Figures 9, 10, and 11, it coincides with Fg except
for a small linear displacement (parallax).

«3) The xngle symbols used in the mathe
matical expressions in this handbook are based,
wherever possible, on the identifying lower case
letter of their zssociated reference frame symbols.
Cant zngle, for example, is designated Ca when
associsted with the mount reference frame (Fm)
ard designated Cyg wher. associated with the weapon
reference frame (Fg) containing the weapon trun-
njons,

{4) In Figure 9 the weapon bore azis is
aligned with the weapon mount longitudinal axis,
s0 that the trunnion cant angle (Cy) and the
weapon mount cant angle {Cm) zre equal as sre
the weapon bore pitch angle (La) and the weapon
mount pitch angle (Lr). In Figure 10 a3 the
wespon bore axis rotates in azimuth (angle 4d)
Fs and Fg rotate with it :nd the irunnion cant

angle (75} and the wespon dore pitch angle (La)

begin to ailic: from the weapon mount cant and

pitch angics {Cr and Lr), respectively. When o

relative suumuth angle of 90 degrea s reached,
the trunnion cant angle (Cg) and the wespon
mount mtch angle (Lr) are cqual as are the
weapon bors pitch angle (L) and the » -apom
mount cant angle (Cm). The amount of elevaton
above the deck plane is equal to the angle {£g)
between the weapan bore axis ot perc elevation
and the weapon bare axis elevated to firing position.
{See Figure 11} The true elsvation zbove a
harizontal plare i rqual to the angle (Ko, quacrant
clevation) betwren the cant asiv at the given rels-
tive azimuth (f4) and the wvapon bore axi
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Figure 9. Refevence frames at zero elevation and zero relative
assmuth
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Figure 10. Weapon reference frame at relative azimuth angle
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b. Symbols. The varicus angles defined in the
following text are identified in Figures % through

19,

(1) Azimuth (A4). The horizontz! angle
betweens north and the direction to the target.

LINE OF ELEWRTION
AMD AXiS OF TURBE

Other horizonial azimuth angles used in this text
are;

(a) Ag—True azimuth of weapon, mea-
sured between worth and vertical plane through
the weapon bore uxis (Figure 13).

\ LINE OF IMPACT

—

SUPERELEVATION (Se)

GUADRANT ELEVATION (Eo)
LINE OF 9TE "ty

o T H
ANGLE OF SITE (Eb)

POINT OF IMPACT

MEISHT
%

ORIGIN BASE OF TRAJECTORY

Le
b RANGE

|

VAR
NGLE ormi]
-

LINE OF FALL

Figure 12. Trajectory terms

Figure 13. Relationshsp between mount tilt and <weapon tilt
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{b) Am-—Azimuth engle between north
and 3 vertical plane through the longitudinal axis
of the weapon mount (Figure i3),

{c) Ad—Relative azimuth or difference
between true azimuth of wespon (4g) and the
true azimuth of the longitudinal axis of the mount
{Am) (Figure 13).

(d) do—Azimuth of vertical plane
through weapon bore axis relative to deck plane
tit axis (Figure 14).

(e) Ar—Azimuth of vertical plane
through weapon bore axis relstive to szimuth
direction of deck plane tilt (Figure 14).

() 49d—Difference in azimuth between
the wespon elevating plane and the horizontal pro-
jection of the weapon bore axis (Figure 17). The
angie Agd is the correction required to return the
weapon to its original azimwuth after elevating with
the trunnions canted.

(g) Asd—Difference in azimuth be-
tween the aiming device elevating plane and the
horizontal projection of the aiming device axis.
(Figure 19).

OECK PLANC
TILT AXIS

WEAPON BORE__/
AXIS (ELEVATED)

(2) Gun Elevation (Eg). Angle of the
weapon bore with respect to the deck plane. The
angle is measured in 2 plane (elevating plane) per-
pendicular to the deck plane (Figures 14 and 17).

{3) Quadrant Elevation (Eg). The quad-
rant clevation is the vertical angle at the origin
formed by the line of clevation and the base of the
trajectory. It is the algebraic sum of the angle
of elevation (superelcvation) and the angle of site,
{Figures 12 and 17).

(4) Line of Elevation. The line of elevation
is the axis of the tube prolonged when the picce #
laid (Figure 12).

(S) Base of Trajectory. The base of the
trajectory is the straight line from the origin to the
level point (Figure 12).

{6) Level Point. The level point is the point
on the descending branch of the trajectory which is
at the same sltitude as the, origin {Figure 12).

(7) Superclevation (Se). This “angle of
elevation” is the vertical angle at the origin between

WEAPON BORE AX!S'
AT ZERO ELEVATION

Tt

Dt AZIMUTH
DIRECTION
OF
DECK PLANE
TLT
DECK PLANE

Figure 14. Deck tslt magnitude and direction relative to wespon

position
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VERTICAL
PLANE

Figure 15. Parallex in & specific-range boresighted system

the line of site and the line of elevation (Figure
12). T'rznsformed to canted plane of weapon eleva-
tion, angle becomes Seg.

(8) Angle of Site (E or Eb). The angle
of site is the vertical aagle between the line of site
and the horizontal pians, Messured at the position
of the siming device, it is designated E. Measured at
the position of the weapon, between the line to the
target and the base of the trajectory, the angle is
designated Eb (Figures 12 and 25).

AIMING POINT

HORIZONTAL
PLANE

(9) Aiming Device Elevation (Es). The
angle between the line of site and the aiming de-
vice deck plane, measured in a plane peipendicular
to the deck plane (Figure 19).

(10) Trunnion Cant (Cy¢ or Cs). Tilt of
the weapon (or aiming device) trunnions with re
spect to & horizontal reference Plane. The angle is
measured in a vertical plane (Figure 13).

(11) Weapon Mount Cant (Cm). Tilt of
the weapon mount croes axis with respect to a
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ho. -~atal reference plane. Th: sngle is measured
in a vertical plane (Figure 13).

(12) Weapon Bore Vertical Pitch (La).
Tilt of the deck plane in the direction of the weapon
bore axis, measured in the vertical plane between
the horizontal plane and the intersection of the
deck and elevating planes (Figures 13 and 17).

(13) Weapon Bore Pitch (Lg). Similar to
La but measured in the canted weapon elevating
plane. When Cy —= zero, Ly = La (Figures 14
and 17).

(14) Weapon Mount Vertical Pitch (Lr).
Tilt of th- veapon mount in the fore-and-aft direc-
tion with .espect to a horizontal reference plane.
The angle is measured in a vertical plane (Figure
13).

(15) Weapon Mount Pitch {Lm). Similar
to L7 but measured in a plane normal to the deck
plane.

(16) Aiming Dzvice Pitch (Ls). Tilt of
the aiming device deck plane in the direction of the
line of site as measured in the elevating plane con-

taining the line of site between the horizontal and
deck planes.

(17) Deck Plane Tilt (Dt). The angle
between the deck plane and the horizontal reference
plane, measured at right angles to the horizontal
deck plane tilt axis (Figure 14).

(18) Traverse ( T'). Rotation of the weapon
sbou. the traverse axis, measured in the deck plane.
Specific traverse angles employed in this text are:

{a) Td—Traverse angle between weapon
elevating plane and longitudinal axis of wespon
mount (Figure 13),

{b) Te—Traverse angle between wespon
elevating plane and deck plane tilt axis (Figure 14).

(c) Tt+—Traverse angle between weapon
elevating plane and azimuth direction of deck plane
tile (Figure 14).

(d) Tgd~—Diifrrence in traverse be-
tween the weapon elevating plane and the horizon-
tal projection of the weapon bore axis. Angle Tod
is the traverse correction required to return the
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weapon to its original azimuth sfeer elevating with
the trunnions canted (Figure 17).

{¢) Tsd—Difference in traverse between
the aiming device elevating plane and the horizontal
projection of the aiming device axis (Figure 19).

(19) Parallax (P). Apparent differ-
ences in the position of a target viewed from =
weapon position and a directing or sighting point
(Figures 15 and 16).

(20) Parallax Base. The displacement
between the weapon pasition and directing or sight-
ing point as measured in a horizontal (Pk), verti-
cal (Pv), or range (Pr) direction (Figures 15 and
16).

10. Discussion or Errxcrs Caussp »y SHirr
or Rererexce Frame

a. General. Before going into the mathematical
treatment of compensation problems, sume of the
effects of reference frame displacement will be dis-
cussed briefly. This discussion introduces the various
compensation problems for which equations zre
presented in subsequent paragraphs.

b. Off-Carrisge Fire Control.

(1} Trunnion Cant. If the data furnished
by an off-carriage sight is not corrected for trunnion
cant, the range obtained will be less than the de-
sited range and an Jzimuth deflection will be set
into the weapon. The component of deflection that
is introduced into the angle of clevation by trun-
nion tilt is small enough to be neglected in practi-
cal cases unlew extreme accuracy is required.

(2) Weapon Bore Pitch. A range error will
result if the elevation data furnished by the off-
carriage sight & not corrected for weapon bore
pirch,

(3) Parallax. Paraliax can produce errors
in range, azimuth and clevation. If & sight is locat-
ed behind or in front of & weapon, errors in range
result. }f & sight is located to one side of a wespon,
horizontal errors are produced. Vertical errors (re
sulting in range crrors) are introduced when a sight
in mounted above or below a weapon.

Lp——
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Fzgurc 16. Parallax in an m[umy -boresighted system

¢ On-Cernage Fire Control.

(1) Trunnion Cant. Truncion cart operates

to reduce yange and to ceune lateral deviation to-

ward the siae of the lower truanian. The componcat
of clevation that affects the srintuth setting may
cawse very seriows errors in asucuih, The comw-
ponent of clevation that s lwe due re trunnion
cant may, under exceptivnal civcumstances, ciust

noticeable erion in range, bux ordmn!y tha- errors

are puall.

(2) Weapon Bore Pitch, Errors in 6k uon

setting will muhximwboctpﬂchzsmuim
into considerithion,

“{3) Paratiax. Parallax produces slight ¢rrors
in range, azimuth, and clevation which msy be
vartially M\pﬂ\sﬂkﬂ for by m;usmem during
bmeughtmg .
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11. MatHemaricaL TREATMBNT OF CoMPENSA-  is well to give the reader some background in

TION ProBLEMS mathematical spprosch. Mathematical expressions

can be obtained easily from a geometric configura-

a. The usual approach to an engineering prob-  tion representing an out-of-level compensation prob-

lem often requires that the mathematics of the lem using plane trigonometric relationships. As

» problem be resolved in the initiai steps of design.  simple as this approach might be, it has the dis-

: A mathcmatical analysis facilitates the understand-  advantage of producing expressions that require

: ing of compensation problems. Such a mathematical  tedious and time-consuming manipulations. Another

approach is given in the following paragraphs. An  method that can be used to obtain mathemarical

attempt has heen made to give several approsches  expressions employs spherical trigonometry relation-

for many different situations requiring compensa-  ships. This approach usually results in equations ob-

tion. However, it is possible that situations will arise  tained by more direct methods. Howevcz, since spher-

that have not been treated in this book. In this  ical trigonometry is not always taught in the mathe-

: case, the anproach to the compensation problems  matical sequence of an engineering curiculum, rules

; given here will provide guidelines for procedurez in  for obtaining expressions, derivations, and identities

‘ solving the problem presented. are included in Appendixes A and B. Readers not

familiar with the subject may refer to 2 mathematics

b. Before going int> s presentacion of the text including spherical trigoncenetry if additional
equations for situations requiring compensation, it  informatia is needed.

WEAPON CORE AX1S
{ ELEVATED)

e (Egtigh ain Bo see Co (06 omowml . i

o Agecteafetua Oy (Ha2) -k
whes”

:mﬁtt ton (Eg+Lg) wﬁ_(ldf I
| - . FRONT VIEW

Figure 17. E'cvation of bore axis. - trinmions casted
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c. One of the basic difficulties for persons new
to spherical trigonometry, as used in compensation
problems, is to cstablish the correct angles for the
spherical triangle. For example, Figure 17 i ustrates
a weapon clevated with trunnions canted. Assume
that the problem is to find the error in azimuth
caused by trunnion cant. Further, let us mske the
stipulstion that we wish to express the error in
terms of gun elevation (E¢ 4 Lg¢) and cant (C¢).
At first glance, one would expect the angie formed
by Es and Eg meeting at the weapon bore {frorit

view, <abc) to be equal to Cg. This reasoning is -

iiorrect since the angle between £x and Eg 8 on a
spoere snd is displaced spherically from the cant
angle; hence, the rule of plane geometry on which
the assumption is made is not valid. However, by
constructing a perpendicular (ad) to the borizontal

pian» at point g, it can be seen that the angle tormed

(<bad) is Cy. Then <bac in spherical triangle abe
is equal to 90"—Cg. Once the angle is determined

correctly, Napier's rules can be used to write an ex-

pression. (See Aweudnx B.) To illustrate:
from N&pms rules:
sin [Comp. (90—Cy)] =
: tan £od tan [ Comp. (Ey+L9)]
ahinr
sin [90—(90—Cys)] =
tan Agd tan [90—(Eg+Ls))
mC;*mA#m(E,-;»L,)

o G = un 4ol Ty
twa dpd = sin Cg tan (Eg { Lg)
o (See Eq. %

nL; e m; Te tn Cyp (Sce Eq. 18)

ke La = unToth .
ﬁdua?.-—«mmml.g

i mfdhwmg:mtlpwmhmhwhta' o
Mhds#éi&dmmdhdmth

problems :

(1) Dfaws:huumarmonddmm_

ok the utustion. Make certain the figure is cofret.
. (Many boars can be expeanded in obtaining 8 solu-

.mhmnignndmdoamaiwmum'

actul peedless at haad.}. -

(2) Use systemitized notational symbols to
avoid confusion, e.g., C for cant, Cg for gun trun-
nion cant, Cm for cant of mount, etc.

(3) Choose a triangle in the figure that can
give an expression which includes the quantity you
wish to correct.

(4) Be sure that all sides of the chosen
triangle are portioms of great circles.

{5) Make certain the quantities in the final
expression are expreswd in terms that cxn be
measured in a practical system. {Often an expression
will contain quantitics that mimplify mathematical
manipulations bur make instrumentation difficult or
tmpnmal )

. 12. Canr Corrzcrions

The following paragraphs aie:n sresentation of

equations and mathematical considerations pumn—
mgtocnnt Lorrection,

13. Orr-Canriace Firs Controt Svyrious
~ In an off<carriage fire control system, the sight
or data-computing eQuipment is not mechanically

mupledtotbemm&_iuu&mhmk
different from the mechanical reference frame of

the wespon. Consequently, gun laying data derived

from sn off<arriage siming device will produce

erroncous aiming settings if applied to an out-of-
~ level weapon without heing converted into the

reference frame of the wezpon, Als, if the off-
carrisge swurce b out-ol-level, additional erron
will be m.raducd

2. Weapon Out-of-Lovel, Am:ﬂmn Levd

(1) Elevation Error 1f & weapon it 1o e
tlevated verticsily by an amount B9, as deveranined

by an olf<carriage 6g, the sctual devation of the

weapon {Hg) about canted tiunnions may be com-

- mimmw‘mmﬁm;&mm

wa (Eﬂ-h) = m £e e Co (Eq 1)
(Z)Amuth&m mmdmeti

‘d:inmsthbma_ckmdw;mtd-

trunnion, from sero elevstion to 2 new devation

_may be compured {rom either of the b:x!hwm |ua-

tions (ere 17).

mdﬂ_-m:&un(}' {¥q. 2)
tan Aod = tan (Eg + Lg) un Cg (Ee. 3)

i A e + R




WEAPON BORE AXIS
(ELE VATED)

on g (mex)zoin (Eglmen)d Lgloes Cg (Eq &)

Figure 13. Effect of cant on maxsmum elevation

{3) Effect of Cant on Maximum Elevation.
Becaase the secant function for any cant angle other
than zero is greater than 1, Equation 1 shows that
greater devation (Eg + Lg) about a canted trun-
_fjon i neaded to poovide 2 given vertical elevation
(Ee} than when cant is not present. The parch angle
(L), shown positive in Figure 17, may be either
. positive of aegitive. Messured in the same plane
as gun eclevation, Ly alfects maximum gun eleva-
tion directly. Pasitive pitch incresses the maxuaum
asttsinable £y aod tends 1o cancel the effects of
cant while srgative picch furcher limits the max-
murn Xg. The etbect of cant is therefore better illust-
‘yated wien pitch ® shown af zero s in Figure 18,
. tom setaioadle, Ko (max.). m & fanction of man-
" imwn gun devation, K (mix.), and cant, Cy.

- uh(ﬂt)*m(ﬁa(m} b L)
o Cp (Eq. &)

(E) wsing the following equation (Figure i9).
sin £ = sin (Er 4+ Ls) cs C; (Eq. §)
(2} Azimwth Error Caused by Cant of
Aiming Devior. 1f the aiming device is out-of-Jevel,
a fabse azimuth angle will be applied to the jeveled
weapon. The error in axiovath may be computed
from the following equacion {Figune 19).
e Aid = tan (Es4-Ls} un Cr (Eq. 6)

. Weapoa Out-of-Level, Aiming Derice Out-

© of-Level.

S.Wumlxvd Am;DzruOmoflxwl'

‘ ~',(i)£knmhm&mdbyi-mﬁo!
. Aiwiag Device I the siming device v out-ci-level,
. mewinred denation angles will be incorrect for a
keded weapon. The canted nght dlevation angle
{£2) ‘may be converted to the vertal angle of mie

24

(1) Elevatise Error (Tatsed by Cant in
Weapon and Aiming Device. The conversion of
saning device ceration to woapon elevation, when
both umis ar canted, can be sccoaplished in three
steps: : _

{2} {invert pinaing device clevation in
the canted plame (B) o w.-nml elevation (£) by
mewns of Equation 5, )

{%) Canvert w*nul devation {(E)
quedrant clevation (Ke) by adding the necensary
firicy correciiom ‘such a8 supereievation and lesd

{c) Coavert quadrant slevation (£a) o
weapua clevation {£p) uning Equation 1.

asor,
,

b,

~an

p—

s o b o o

s

R




/ L_ HORIZONTAL
920~Ca — Asd PLANE

FRONT VIEW

sin Exsin(EstLatcos s (Eq D)

tan Asdzten (Es+ls) oin Co (Eq6)

Figure 19. Aiming device sut-of-levs!

(2) Azimuth E:ror Caused by Cant in
Wepon and Aiming Device. The arimuth error
{4 ¢d) may be computed by adding the © or crused
by the canted trunnion of a weapon {Eq-ation 3)
to the aximout® crro: contributed by a canted aiming
device (Eauation 6). The result is:

dgd =« 1an [tan (E¢+Le)sin C;] +

arc an ftm {Es+Ls) sin Cs} (Eq. )

14, On-Casuiace Fire Contrmor Sysrems

in an on-carrizge fire contral systan the weapon
follows the aimin; device in elevation and travene
as it seeks 10 establish 2 lime of site {paragraph
$a.(1). However, independent clrvation of the

weapon bore for insertion of superelevation (Se)

requires campansation in botl eler . tion arnd azimuth,
if the system trunmons are canted.

a. Elevation Angle Messured in a8 Vertxal
Plane.

{1) Elevation Erro- The clevation evror
cawsed by cant can be compeinated by tramsforming
superelevalon to the gun clevating plane {Figure

20). Correcting the resuitant arirmuth error pro-
duces the geometry shown in the tygnre. The eleva-
tion correction can be computed from the vertial
elevation angles and cant angles as follows:
Seg = (Ey+1l¢)—(E14-Ls)
Se¢ = arc sin (s;v Ea v Cg)—
arc sin {sin Kb sec Co) {Eq. 8)

{2} Azimuth Error. Using the same tn
angler cmployed in vomputing the clevation cor-
rection {Figure 20!, he zeimuth error may he
compensated through the means of 3 similar squa-
ton
Aed — Ad — arc sin (tan ke ten Cg)—

stosin {tan Ed tan i) 1 Eq. 9)
The compernsaieon alo my b computed in termn of
traverse angles and the anglc of deck pune uh
{Da):
Tod—Tsd == arc sin (cot Dr tan Lg)—
arc sin {cot Dt ran L) (Eq. 10}

s Flevenwon Angle Memsured in Plane Per.
peadicular 3 Trunnion. ’

[ 1]
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Figure 20. On-carriage fire control compensation probiem

(1) Elevation Error. Compensation for the
elevation error in terms of anzles in the canted
elevating planes is {Figure 20):

Se = Ea — Eb

Se = arc sin [ sin (Eg4-Ly) cos Cg]-——
arc sin [#in (Es+Ls) cos Ci] (Ey. 11)

(2) Azimuth Error. The azimuth com-
pensation bssed on canted elevation argles is:

Agd—-Asd = are (an [tam {Eg+Lg) sis Cg]—-
arc tan (tan (Zs+Ls) sin C:] {Eq. 12)

c. Effect of Cant on Maximum Elevation. The
effect of cart on maximum attainable weapon eleva-
tion is the same as for the conditions covers4 in
paragraph 13.a.(3).

d. Equations for Cant Compensation by Reticle
Rotation. If a direct fuc sight reticle is rotated
about the boresight maik from a canted position to
a vertical position so that superelevetion (§¢) may
be applicd vertically, the errors expressed by Equa-
tions 13 and 14 are climinated. (See Figures 7 and
21 and paragraph 5.a.(2}.)
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x = arc sin (sin Se sin C)
v == Se-—arc tan (sin C tan Se)

(Ev. 13)
(Eq. 14)

waere:
x is the azimuth errer,
v is the elevation errer,

C is a cant angle measured about the bore-
sight axis.

15. ReLaTIONSHIP BETWREN MouNnT TILT AND
Wearon ‘TiLr

Since the out-of-level conditiors of a weapon
ngount do not vary with azimuth as do trunnion cant
and gun bore pitch, it is often simpler to measure
gun mount cant und pitch. In Figure 27 trunnion
cant (Gg) and gun bore pitch (Lg) may then be
computed from gun mount cant (Cm), gun mount
pitch (Lm), and relative traverse {T¢), by means
of the following equations: (See Appendix C for
derivatiunt of Equations 15 and 16.)

cos Lg(——cos T'd sin Ln cos G 4
sin Td sin Cm) <+ sin Lg cos Lm c0s Cm = 0
(Eq.15)

-
oA
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cos Cg (—sin T'd sin Lm cos Cm—

omLycmmeaCm]:O

AZIMUTH ERROR = x=gre sin { sin Se sinC)

ELEVATION ERROR = v s Sg—garc tan ( sin C tan %)

*"\-_—_

({ Eq.13)

( Eq.14)

Figure 21. Errors resulting from canting of sight reticle about the

boresight maik

cos Td sin Cm) 4 sin Cy [—-sin Ly (—
cos Td sin Lm cos Cm-fsin Td sin Cm) +

(Eq. 16)

27

16. INTER-XELATIONSHIP OF CANT AND PiTCH

Equations 17, 18, and 19 show the inter-relation-
ship of pitch and cant angles, with one other angle
used as a basis for comparison. The angles are il-
lustrated in Figure 17.
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Figure 22. Relstionship between weapor mount cant and pstch and
weapon bore cant and pitch

cos Ly = sec Cg cos Dt {Eq. 17)
(Eq. 18)

tan Lg = sin Cg tan (4o 4 A¢d) (Eq. 19)

sin Lg = tan Cg tan To

17. Ccusinep CorrecTiON For CANT AND PrTcH

& It is possible to combine the effects of cant
and pitch so that errors are measured or corrections
made in termns of an azimuth angle (4t) and 1ilt
angl: \Dt). This approach has been tested in a
prototype antiaircraft weapon as described further
in paragraph 29. (See Figure 23.) The equation
given here are derived in Appendix C.

b. The azimuth of the weapon relative to the
direction of tilt (A7) is given by:

sin Tt .
cos Tt cos Dt + tan Eg sin Dt °
(Eq. ZJ)
and the quadrant elevation of the gun is:
sin Ko = sin Ey cos D¢ - cos Eg cos Tt sin D¢

(Eq. 21)

tap At =

28

18. Pararrax CorRRECTIONS

s Off-carriage fire control systems such ss
might be employed in the typical antiaircraft battery
shown in Figure 24 have relatively large displace-
ments betwzen the directing radar and the individual
weapons. Separate parallax corrections ‘can be ap-
plied by the director to the laying data for ecach
wcapon so that the fire from all weapons in a
battery will converge on s target. Figure 24 shows
how. the displacements can be measured during the
emplacement process for use in parallax computa-
tions. The following paragraphs present equations
for computing parallax corrections both with polar
coordinates and rectangular cooidinates, It will slso
be shown how the equations reduce to simpler forms
when the problem concerns only ground target
systems, as in field artillery. The general principles
illustrated by these cases can be applied to other
parallax situations requiring convergence of lines.

b. The equations based on polar coordinates
express corrections for vertical and horizontal dis-
placements in terms of angles that can be combined

()
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Figure 23. Combined corrections for cant and pitch

directly with the weapuic laying data. Rectangular
coordinate equations, however, produce corrections
that must be combined with linear target position
quantities at some intermediate point in the pracess

of computing the weapon laying data. In effect
parallax corrections in general convert the target
position as measured at the aiming device to ihe
position of the weapon proper.

[ ¥
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Figure 24, Parallax displacements referenced to morth

c. In addition to the general approaches using
polar and rectangular coordinates, mathematical
treatment of special parallax problems is included.
These consist of parallax corrections for ground
targets under direct fire (on-carriage fire control)
and an analysis of the parallax problem in the
use of aiming posts for indirect fire.

19, ANTIAIRCRAFT ProaLzm IN Porar
COORDINATES

a. Equations 22 through 26 employ polar co-
ordinates of battery displacement and target loca-

30

tion to express polar coordinates of paraliax correc-
tions that will direct a weapon’s fire on the aiming
point. The polar coordinates required as inputs
(Figure 25) are: range (R) or length of the line
of site of the aiming device; elevation angle of the
siming device line of site sbove the horizontal (E) ;
vertical displacement of the aiming device above the
weapon (vertical parallax base, P¢); horizoatsl
displacement of the weapon from the aiming de-
vice (horizontal paraliax base, PA); and the
horizontal azimuth angle (4) between the line FA
and the horizontal projection of the line of site,




TARGEY &

w <

LINE OF SITE

AINING
DEVICE

Py sin €

Figure 25. Parallax corrections in poiar coordinates

b. The complete true solution requires a
total of three parallax corrections: Phd for
agimuth, Ped for elevation, and Prd for range.
In Figure 25, the azimuth parallax correction
(PAd) is shown in the horizontal base plazie
ss the angle necessary to converge the horizontal
projection (x) of the weapon range {Rg) through
the horizontal projection of the target. The other
corrections, Ped and Prd are not directly illustrated
in Figure 25 because they are diiferences between
quantities in separate, non-parailel planes. Specifi-
cally, Ped is the difference between aiming device

angle of site (E) and weapon angle of site {£5).
Also, Prd is the difference between the range from
the aiming device to the target (R) and the range
from the weapon to the target (Ro).

¢. Additional equations for computing the eleva-
tion correction for vertical displacement, Puvd, snd
the elevation correction for horizontal displacement
Phrd are included since partial corrections are some-
times useful in limited instruments. An equation
for the partial elevation corvection (Pred) con-
sisting of a combination of Pud ard Phrd is given
in paragraph 22.b.(3).




d. The azimuth parallax correction to compensate for horizonta) disglacement, Ph, is:

Ph sin 4

tan Phd =

R cos £ — Ph cos 4 (Eq. 22)

¢. The toral elevation correction for vertical and horizontal displacements is found by subtracting

line of site elevation from an expression fer the elevation of the target as viewed from the position of the
weapon proper:

\ Phsin 4 (Eq. 23)

i. The range correction is obtained by subtracting an expression for range from the weapon position,
Rg, from line of site range, R:

Ped = are tanj (R sin £ 4 Pr) sin Phd} —K

Prd =R —Ry
Since Ry is the hvpotenuse of the vertical right triangle connecting weapon and targe,

Rg = /n* + &%
In the horizontal plane,

. _ Phsind _Phsind
In the vertical plane of site,
h=Pv+4 Rsin £
Substituting :
‘ Phsind | * e
Prd == R — {m—} 4+ (Pv 4+ Rsin E) {rg. 24)

g. The elevation parallax correction to compensate for vertical disnlacement (Pr) alone may be
computed from the following equation:

Py cos E
R 4 Py sin E (Eq. 25)

k. The elevation parallax correction to compensate for the range component of horizontal displace-
ment (Pk coe 4) alone may be obtained as foliows:

tan Povd =

tan Phrd = 72?,:;
where:
= Pk cos 4 sin (E 4 Pud),
¢ == Ph cos 4 cos (F 4+ Pud),
and

Rv = Pu sin (E + Pvd) -+ R cos Prd, or range corrected for vertical displacement (Pe) only
£ “stituting:

Pird = Ph cos A sin (£ 4 Pvd}
tan Flr = Poun (E + Prd) + K cos Pvd — Ph cos 4 cos (£ + Prd) {Eq. 26)

32
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20. FieLp ArTiLLERY PAraLLAX CORRECTIONS

Although Equations 22 through 26 are directly applicable to field artillery problems, they can be
simplified considerably for this purpose because the elevation angles (angles of site) encountered sre
usually small enough to be neglected. By considering the angle £ in Figure 25 to be equal to zero, Equa-

tion 22 becomes:

Pk sin 4

tan Phd = m (Eq. 27)
Equation 23 becomes:
Py sin Phd
Ped = arxc tanm—:’—-—' (Eq 28)
Equation 24 becomes:
_ Phsind |2 .
Prd=R— {W} + (Pv) (Eq. 29)
Equation 25 becomes:
tan Pvd == %—— (Eq. 30)
and Equation 26 becomes:
can Phrd = Ph cos A sin Pvd (E;l 31)

Pu sin Pod & R cos Pvd — Pk cos 4 cos Puvd

Equation 29 can be simplified further by dropping the (Pv)? term. This can be justified inasmuch as Py
is small in comparison to » making (Pv)® relatively insignificant.

21. Pararrax CoRRECTIONS IN RECTANGULAR
COORDINATES

a. In antiaircraft systems where gunnery com-
putations are based on rectangular coordinates of
the target’s position, it is advantageous to determine
and apply parallax corrections in terms of rectangu-
lar coordinates. The parameters remain fixed as
long as the battery layout remains fixed, and the
computations involve only simple algebraic additions.
Although the case discussed here is based on an
antiaircraft problem, the same principles can be ap-
plied to ground target fire control systems.

b. Figure 26s shows a single weapon in a
battery and the target’s location with respect to the
aiming device initizlly determined by the spherical
coordinatss, range (R), elevation (E), and azi.
muth (.7}, During the course of computing lead

angles, corrections, etc., the measured coordinates
are converted to the rectangular coordinates, Xo,
Yo, and Ho. Weapon position with respect to the
aiming device established during emplacement is
given in rectangular coordinates: Mhx, Phy, and
Pu. Since Phy is negative in the configuration of
Figure 26, its addition to Yo makes Y¢ smaller than
Yo. Combining the two sets of rectangular coordin-
ates gives the coordinates of the target with respect
to the weapon :

Xy = Xo + Phx
Xg=RcosEsind + Phx (Eq. 32)
Yoy = Yo 4 Phy
Yo = Rcos Ecos d 4+ Phy (Eq. 33)
Hg

Ii

Ho + Py

Hy = Rsin £ 4+ Py (Eq. 34)
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Figure 26. Parallax corrections in rectangular coordinates

22. Parareax IN Direcr-FirE ARTILLERY

a. Genersl. In high-accuracy direct-fire field
artillery, the relatively small displacements berween
the wespon tube and the aiming dcvice of the on-
~ar